The vibrational frequencies and electric polarizability of the C6a molecule, both in the gaseous and in the solid phases, are calculated from first principles ,using density-functional perturbation theory. This method also allows us to obtain the infrared and Raman activities which had never been calculated before. Our results are in excellent agreement with existing experimental data, and they provide accurate predictions for those quantities (such as silent-mode frequencies and vibrational eigenvectors) which are not easily accessible to experiments.
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Buckminsterfullerenes have attracted an increasing experimental and theoretical interest since they were first synthetized in 1985,' especially after the discovery that alkalimetal doped C6s crystals become superconductors at relatively high temperatures.2 Stimulated by the effort of understanding the nature of the superconducting phase; much attention is being devoted to the vibrational properties and' to the electron-phonon coupling in these compounds. While a number of theoretical papers have appeared on this subject3 their results are often in disagreement with respect to each other, and only very recently the accuracy standards of modern electronic-structure calculations based on densityfunctional theory and highly flexible basis sets have begun to be met.4*5 None of these works attempts a theoretical prediction of such experimentally important quantities as infrared and (off-resonance) Raman activities.
Density-functional perturbation theory (DFPT)6T7 is a very powerful and accurate method to compute the vibrational and dielectric properties of extended systems (as well as of any other properties which can be expressed in terms of low-order derivatives of the electronic ground-state energy). So far, DFPT has been mainly used for elemental and binary semiconductors whose phonon spectra can be predicted to an accuracy of a few wave numbers only.7 Recent applications to diamond' have shown a similar degree of accuracy. In this paper we report on the most computationally'intensive application of DFPT ever attempted so far, ,namely the calculation of the full vibrational spectrum of the C6c molecule, both in the gaseous and solid phases including Raman and infrared activities, and of its electric polarizability.
Our calculations are performed using norm-conserving ')Permanent address.
pseudopotentials with s nonlocality and plane-wave (PW) basis sets with periodic boundary conditions (PBC) over a face-centered cubic (FCC) lattice (space group Z$). PBC simulate a crystal with one molecule per unit cell (supercell, SC) where the electronic properties are sampled only at the l? point of the Brillouin zone. We performed independent calculations for two different SC's (SC1 and SC2) with lattice parameters a,=32.00 and a,=26.64 a.u. aimed at simulating an isolated molecule and' a CsO crystal,'o respectively. Our PW basis set is truncated at a kinetic-energy cutoff of 45 Ry, corresponding to -24 000 and 42 000 PW's for SCt and SC,, respectively. The molecular geometry is characterized by the lengths of the 'single bonds,' d1 , and of the 'double bonds,' d2. In the crystal, the lower symmetry determines the existence of three inequivalent single bonds and two double bonds. The optimization of the structure yielded dl= 1.446 and d2= 1.393 A for the isolated molecule (SC,: the differences among the lengths of inequivalent bonds of a same species are negligible), and d,=1,441,1.447, and 1.453. and d2=1.392 A for the crystal (SC2: the difference between the double-bond lengths is negligible also in this case).
The dynamical matrix of the molecule expresses the force acting on individual atoms as due to the displacements from equilibrium of other atoms. In the harmonic approximation, this force is essentially given by the integral of the electron charge-density response to the displacement from equilibrium of one atom, times the variation of the ionic potential due to the displacement of another.7 Therefore, the key ingredient of the quantum-mechanical calculation of the dynamical matrix is the electron density response to atomic displacements from equilibrium. The latter is conveniently calculated within DFPT. The self-consistent equations resulting from DFPT can be recast into a large sparse linear system whose dimension is the number of PW's in the basis set times the number of occupied states," which amounts to -42 000X120-5X106 for SC,. For each independent atomic displacement in the molecule, this huge linear system is solved using a preconditioned conjugate-gradient algorithm. It is found that a rather small number of iterations (-40~50) is sufficient to achieve convergence. The number of linear systems to be solved is three times (the number of independent polarizations) as large as the number of inequivalent atoms. In full icosahedral (Yh) symmetry, there is only one inequivalent atom in the molecule. This number is raised to three because of the lower symmetry of the SC. The dynamical matrix is calculated by computing first nine columns of it which are independent by symmetry, and by filling then the rest by exploiting tetrahedral symmetry. In the case of the isolated molecule, the dynamical matrix is finally explicitly symmetrized with respect to the Yh point group. One further linear system, corresponding to the perturbation due to the application of a homogeneous electric field, must be solved in order to calculate the molecular polarizability.6 Actually, in our SC geometry, the electric polarization induced by the applied field yields the dielectric constant of the crystal. The polarizability of the isolated molecule is then obtained from Ihe Clausius-Mossotti formula. The intensities of infrared-active modes are given by the corresponding oscillator strengths:" fW=C 5 ~:p(s)e,(slv> 2> 
The ionic effective charges apbearing in Eq. (1) are essentially the second derivatives of the energy of the molecule with respect to an applied electric field and to the amplitude of a vibrational distortion. As such, they are directly accessible to second-order DFPT7 The variation of the electric polarizability induced by a vibrational distortion, EQ. (3), is instead the third derivative of the energy with respect to an applied electric field (two times) and to the amplitude of the distortion. In order to calculate it from DEFT, one should push perturbation theory to third order. In this paper, we have preferred instead to calculate the molecular polarizability as a function of the displacement from equilibrium of one atom, and to obtain the Raman tensor by numerical differentiation. 13 We have found that four displacements of 20.07 A and to.14 %, a.u, allow a safe estimate. This should be done for the three atoms which are independent by tetrahedral symmetry. The calculation of Raman intensities within density-functional theory proceeds in the hypothesis that the frequency of the incoming light is negligible with respect to the electronic gtip. As this condition is not usually met, we must content o&elves of a semiquantitative estimate of the intensities. For this reason, we did not aim at very high accuracy, and we calculated the Raman, tensor corresponding to the displacement of just one atom of SC1 (out of the three which are independent by tetrahedral symmetry) and obtained all the other coefficients by imposing Yh symmetry. Our calculated intensities should be compared with measures done using long-wavelenght incident light. To our knowledge, the longest' wavelength used sd far is the 1.06pm line of Nd:Yag las&. '4 where x is the electric polarizability of the system, and () indicates an average over all the modes degenerate with the uth. In icosahedral symmetry, only the nondegenerate A, and the fivefold degenerate H, modes are Raman active. For A, modes, only the diagonal elements of the Raman tensor are not vanishing: r,, (v)=r&v), independent of a. For Hg modes, one also has r,,(v)y(v), while, r,+p(v)-rL(v) =g q(v).
In Table I we compare the vibrational frequencies calculated for infrared-and Raman-active modes with experimental data.15 The experiments are usually performed in the solid phase, where additional modes are activated by the lower symmetry. ' The intensity of the additional modes is however weak because of the smallness of the crystal-field effects. The weakness of these effects is also reflected by th& close similarity between the spectra calculated for the gaseous and solid phases, whose frequencies differ by less than five wave F2s   548  767  794  1363   G,  480  566  762  1118  1322  1512  4  943   F2u   337  716  993  1228  1535  G"  349  748  782  975  1334  1452  HII  399  530  662  741  1231  1363  1569 numbers with a maximum splitting of the same magnitude, with the exception of the Hg mode at 1450 cm-' which splits into one T, and one E, modes at 1445 cm-' and 1459 cm-', respectively. Our results are in excellent agreement with experiment (the typical discrepancies being of the order of 2 e-3 %). The values of the calculated frequencies for silent modes are reported in Table II . A detailed analysis of the relation between the values of the silent mode frequencies and the position of the Raman peaks activated by isotopic disorderI will be presented elsewhere.t7 Our calculation of the macroscopic dielectric constant of the crystals corresponding to the two SC's gives for the molecular polarizability the values, crl = 83 A3 and a2 =95 A3 for the gaseous and the solid phases respectively. We believe that this relatively large difference is an artifact due to the use of PBC. As previously noted, the use of PBC amounts to sampling the SC Brillouin zone (BZ) by the I' point only. It is known that the value of the calculated dielectric constant depends rather sensitively on the number of special points used to sample the BZ." This sensitivity is essentially due to the dispersion in the value of the direct gap in the BZ, which is as large as 0.7 eV for SC2, while it is negligible (eO.04 eV) for SC*. For this reason, the value calculated for the isolated molecule is presumably more accurate and it is in fact in good agreement with both the experimental estimates (83.5-84.9 a3,19) and with the calculation reported in Ref. 20 (82.7 A3) .
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